We describe an improved reversed-phase liquid-chromatographic method for concurrent measurement of tryptophanand eightof its metabolites in serum. These were separated by gradientelution and detected both by ultraviolet absorptionat 254 nm and amperometricallyat an oxidationpotential of +0.700 V vs Ag/Cl. Detection limits for the electrochemically-detected compounds were between 100 pg and 1.0 ng, and approximately 1-5 ng for the ultraviolet-absorbing compounds. Analytical recovery of the compounds after deproteinization (by ultrafiltration) varied between 65 and 95%. As little as 500 zL of serum is required. No interference(s) from other naturally occurring serum constituents were encountered. This highly sensitive method is relatively fast and offers a useful tool for diagnosis and treatment of diseases involving derangement in tryptophan metabolism. , and alcoholism (4). Thus, studies are being undertaken to determine whether changes in the concentrations of certain metabolites or the ratios of metabolites of common origin can be used to detect specific abnormalities.
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The essential amino acid tryptophan (Trp) is the precursor of the neurotransmitter serotonin (5-hydroxytryptophan) and the behavior-active trace amine, tryptamine. Measurement of it and its metabolites along the kynurenine and serotonin metabolic pathways has been actively investigated in many laboratories. Altered concentrations of tryptophan metabolites in blood and/or urine have been observed in depression (1), schizophrenia (2), carcinoid tumors (3), and alcoholism (4). Thus, studies are being undertaken to determine whether changes in the concentrations of certain metabolites or the ratios of metabolites of common origin can be used to detect specific abnormalities.
Various methods have been used for to determine Trp and its metabolites in physiological fluids: thin-layer chromatography (5), ultraviolet spectrometry (6), fluorometry (7), gas chromatography-mass spectrometry (8), radioimmunoassay (9), and more recently, "high-performance" liquid chromatography (10) (11) (12) (13) (14) . 
Materials and Methods

Reagents
All reagents were of ACS certified grade. Trp metabolites used as knowns were purchased from Sigma Chemical Co., St. Louis, MO 63178. Stock solutions of these compounds were prepared monthly in distilled/deionized water, in concentrations of 2-4 mg/100 mL. They were kept refrigerated, as were the working solutions, which were prepared from the stock solutions by appropriate dilution. Exposure of the working solutions to direct sunlight was avoided, to prevent photooxidation, which is particularly significant for Trp (15 The low-strength eluent was a potassium dihydrogen phosphate buffer (0.1 mol/L, pH 5.50). The solution was filtered through a 0.22-Am membrane filter (Type GS; Millipore Corp., Bedford, MA 01730) and purged with helium before use. The high-strength eluent was a 3:2 (by vol) mixture of anhydrous methanol and distilled/de-ionized water. This solution was also purged with helium, to expel dissolved air. A 25-mm linear gradient from 100% of the low-strength eluent to 80% of the high-strength eluent was used, at a flow rate of 1.2 mL/min and ambient temperature.
All
Freshly drawn human blood was collected in tubes without anticoagulant at 0,2, and 4-h intervals after oral administration of 2.0 g of L-Trp, and was allowed to clotspontaneously for 10-15 mm at room temperature. Serum samples were withdrawn and samples of exactly1.0mL were placed in ultrafiltration cones and centrifuged at 500 X g for 15 mm. The filtrates were transferred into conical plastic vialsand kept frozen until analysis.
Methods of Peak Identification
Initial assignment of peak identities was based on retention times and cochromatography with the reference compounds. We further characterized amperometrically-detected solutes by comparison of hydrodynamic voltammograms obtained by measuring the change in response (current) with the change in oxidation potential. If the response at each oxidation potential, divided by the current at the most positive potential (relative current ratio) is plotted vs potential, a characteristic sigmoid curve is obtained. Voltammograms of the reference compounds were compared with those of the sample peaks. The ultraviolet-absorbing compounds were identified on the basis of their stopped-flow ultraviolet spectra (16) .
Results and Discussion
Chromatography
Although several isocratic procedures for analysis for selected Trp metabolites are reported (12, 18) , the wide range of polarity and hydrophobicity of this group of compounds dictates the use of gradient elution. Our chromatographic conditions were optimized for analysis for Tip metabolites in serum. To avoid interferences from other naturally occurring serum constituents, we used a gradient slope of 1.92% methanol/min and a pH 5.5 buffer. Under these conditions, all major electroactive and ultraviolet-absorbing serum con-E,iSA9/A9Cl CV] Fig. 3 . Voltammograms of some Trp metabolites Abbreviations are spelled out in sublegendto Fig. 1 and in Table 1 Compound samples cannot be stored in a highly acidic medium for as long as one or two weeks, even at -11 #{176}C, because Trp and other serum constituents become degraded
5-Hydroxytryptophan
(18).
Thus, unless samples are promptly analyzed after deproteinization, altered profiles will be obtained. Moreover, under our chromatographic conditions, the analysis of tnchloroacetic acid extracts afforded inadequate resolution of the components under study (Figure 2) .
Protein removal by ultrafiltration was found to be the best choice. The resulting chromatograms were less complex than those of the tnichloroacetic acid extracts. However, the protocol procedure had to be carefully controlled if recoveries of Trp metabolites were to be quantitative.
Results were optimal on using 1.0-mL serum samples and centrifuging them at 500 X g for 15 mm. Analytical recoveries for all compounds ranged between 65 and 95% (Table 1) . When we followed the outlined procedure strictly, the variation in recoveries was 1.2% for a set of seven consecutive determinations-sufficiently reproducible and quantitative for comparison of serum profiles of Trp metabolites.
Sensitivity of Detection
Before Trp metabolites were measured in serum samples, we optimized the conditions for amperometnic detection, to achieve adequate sensitivity while maintaining the desired selectivity and sufficiently long electrode lifetime. 
It is interesting
to note that, although increasing the oxidation potential to +1.00 V increased the detection sensitivity, the detection limits were lower than at +0.700 V, owing to the rapid increase in the baseline.
Precision
Within-run precision of peak areas was evaluated by processing 10 aliquota of pooled serum ultrafiltrate.
The CV was 0.9%. The between-day CV during 20 days was 2.0%.
Analysis for Trp Metabolites in Human Serum
Our method with dual detection was applied to the analysis Scanningrate 100 nm/mm; absorbance0.04 A full scale (19) , which is responsible for the conversion ofTrp to kynurenine, it does eliminate variations resulting from varying Trp intake. Figure 4 illustrates typical chromatograms of serum sampled from a healthy subject 0, 2, and 4 h after the Trp load. Chromatographic peaks were identified as described above. Because the amperometric detection at +0.700 V vs Ag/AgCl is considerably more sensitive than the ultraviolet absorption at 254 nm, it is essential that the identities and purity of ultraviolet-absorbing compounds be confirmed reliably and unambiguously.
The utility of stopped-flow ultraviolet spectra, combined with the retention behavior, is well documented in the literature (15) . Figure 5 shows the agreement between the ultraviolet spectra of kynurenine and kynurenic acid reference solutions and the corresponding peaks in serum.
The peak eluting immediately before kynurenine (peak 2) was identified as tyrosine. Interestingly, in a period between 0 and 2 h, the bioavailability of circulating Trp reaches a maximum, leading to a slow increase in kynurenine and kynurenic acid. At the same time, the concentrations of 5-hydroxyindole-3-acetic acid, a metabolite of serotonin, remain constant. This indicates that, in healthy subjects, the kynurenine pathway is a major one. The concentrations of the various metabolites varied by about 10% among the 20 normal subjects.
The need for a rapid, reliable, and sensitive assay for concurrent measurement of Trp metabolites is apparent in view of their implication in a variety of disorders. The present method offers several advantages over other existing analytical procedures, which should make it useful for routine analyses in both research and clinical investigations.
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